Abstract: In this study, bone scaffolds composed of polycaprolactone (PCL), piezoelectric poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and a combination of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and silicate containing hydroxyapatite (PHBV-SiHA) were successfully fabricated by a conventional electrospinning process. The morphological, chemical, wetting and biological properties of the scaffolds were examined. All fabricated scaffolds are composed of randomly oriented fibres with diameters from 800 nm to 12 µm. Fibre size increased with the addition of SiHA to PHBV scaffolds. Moreover, fibre surface roughness in the case of hybrid scaffolds was also increased. XRD, FTIR and Raman spectroscopy were used to analyse the chemical composition of the scaffolds, and contact angle measurements were performed to reveal the wetting behaviour of the synthesized materials. To determine the influence of the piezoelectric nature of PHBV in combination with SiHA nanoparticles on cell attachment and proliferation, PCL (nonpiezoelectric), pure PHBV, and PHBV-SiHA scaffolds were seeded with human mesenchymal stem cells (hMSCs). In vitro study on hMSC adhesion, viability, spreading and osteogenic differentiation showed that the PHBVSiHA scaffolds had the largest adhesion and differentiation abilities compared with other scaffolds. Moreover, the piezoelectric PHBV scaffolds have demonstrated better calcium deposition potential compared with nonpiezoelectric PCL. The results of the study revealed pronounced advantages of hybrid PHBV-SiHA scaffolds to be used in bone tissue engineering.
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REVIEWER'S COMMENT:
As for the morphology evaluation (page 8, line 11), "Cell morphology was quantified by manually outlining 10 cells per image per group in ImageJ". a sample size of 10 was too small. A larger sample size would be more persuasive to draw a conclusion.
REPLY:
In our work, using ImageJ software we analyzed 10 cells per image. The overlay number of evaluated images was 10 which were taken in different places of scaffolds. With respect to reviewer's comments, we have changed the manuscript, describing the process for analyzing cell morphology more clearly. Please, find this modification on page 8 marked in yellow.
REVIEWER'S COMMENT:
For cell proliferation test (page 9, line 4), the scaffolds were cut into size of 1*1 cm2, while the bottom size of 24 well-plate was about 15 mm in diameter. So the bottoms were not entirely covered by scaffolds. How to make sure the same number of cells were seeded on the scaffolds?
REPLY:
For cell proliferation test, the initial number of hMSCs was the same for all wells, where 1*1 cm2 scaffold were located. During the cell adhesion analysis, different number of cells were adherent on scaffolds (PCL, PHBV and PHBV-SiHA), as shown in Fig 3A. Therefore, the different number of cells were adherent on scaffold surface after 24 h incubation. The aim of this research was to confirm whether all types of scaffolds provide cell growth during a longterm cultivation. We evaluated them qualitatively using confocal microscopy analysis without quantitative comparison of cell proliferative potential between the tested scaffolds.
REVIEWER'S COMMENT:
In page 12, line 25, it was noticed that "the incorporation of SiHA nanoparticles into the polymer structure resulted in the increase of the surface roughness". please describe how surface roughness was evaluated and explain why increased roughness resulted in no change of scaffold wettability.
REPLY:
The water contact angle measurements were performed to provide understanding on the influence of SiHA nanoparticles on the polymer scaffolds' chemistry and wettability. The water contact angles are shown in Fig. 2 
REVIEWER'S COMMENT:
In page 15, line 11, "PHBV-SiHA revealed the largest viability of hMSCs (>95%)". Was there any statistical differences between each group? If yes, please mark an error bar on figure 3B.
REPLY:
With respect to reviewer comments, we have added statistical difference in figure 5 (bottom-right graph).
REVIEWER'S COMMENT:
In figure 4 , hMSCs on PHBV scaffolds showed nearly spherical shape, while PHBV-SiHA group showed more spreading morphology. The authors did not explain the difference when these two kinds of scaffolds were piezoelectric. Cell culture experiments were performed in static conditions, we expect that the effect of piezoelectric nature of the prepared hybrid compounds is difficult to derive and the most pronounced effect on different cell behavior observed in the paper belongs to SiHA nanoparticles, which addition resulted in both surface chemistry and surface topography changes of the hybrid fiber scaffolds.
For osteogenic differentiation tests, calcium mineralization was only examined on day 7. To our experience, a longer observation to 14 and 28 days would be more valid to draw a conclusion. And more quantitative evidence would be preferred.
REPLY:
There are several variations of protocol for analysis of hMSC osteogenic differentiation. In our research lab, we used the standard protocol for hMSCs osteogenic differentiation, where the evaluation of hMSCs differentiation is performed on day 7. Such a variation of the protocol was also reported in several works [J Microbiol Biotechnol. 2007 Jul;17 ( 
REVIEWER'S COMMENT:
In page 16, line 23, "stained calcein-calcium complexes were accumulated within the cavity of PHBV-SiHA and PHBV". I have no idea where I can find the cavity, please mark in the figures.
REPLY:
With respect to reviewer comments, we marked the cavity for all scaffolds in Figure 5 .
In this research work, the cavity means the area between fibres of scaffolds. Please, find all changes in the revised manuscript ( Figure 5 ).
REVIEWER'S COMMENT:
In page 17, line 24, the authors think "increasing the surface area are able to stimulate hMSCs to produce bone mineral". It would be contradictory when hMSCs showed more mineral accumulation on PHBV than PCL with smaller and spherical size. With respect to reviewer comments, we described this issue more clearly and added more references, confirming that statement.
REPLY:

REVIEWER'S COMMENT:
Mark the error bars on the bottom-right picture of figure 5, if they were statistically different.
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REPLY:
 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) scaffolds with SiHA were investigated Keywords: Polymer scaffolds, nanoparticles, cell adhesion, mineralization, electrospinning
Introduction
The concept of bone defect repair using three dimensional (3D) tissue scaffolds is becoming increasingly promising in regenerative medicine [1] . The ability of bone to remodel, coupled with the capacity of some polymers to biodegrade, allows bone tissue to regenerate completely in place of the implanted material, which is the evidence of successful bone treatment [2] . It is known that bone is a complex tissue with various functions and properties in the body to reproduce it in the laboratory approach. Therefore, the main aim of biomaterials was, and still is, to create a three-dimensional (3D) scaffold to stimulate the remarkable regenerative capacity of bone.
Electrospinning is an appropriate method for 3D scaffold fabrication due to its capability to create nano-and micro-scale structured materials with variable fibre diameters and porosity that imitate the porous structure of the bone [3] . It is important to note that scaffolds should have a desirable pore size to achieve sufficient vascularization and deliver nutrients, which, in its turn, facilitates improved proliferation and osteoblastic differentiation of human bone cells [4] . At the same time, the morphology of electrospun scaffolds should establish high cell adhesion and proliferation that can be controlled by the fibre diameter and topography of the fibres. Therefore, for cell adhesion, an optimal range of fibre diameter of the scaffolds exists, which may vary in the range from several tens of nanometres to a few microns [5] depending on the cell type and tissue.
Electrospun scaffolds can be prepared based on a wide range of polymers. There are a variety of natural and synthetic materials with various structure and properties that are potential biomaterials for biomedical and tissue engineering. Synthetic polymers are more preferable materials for regenerative medicine than natural because they are easier to process and can be tailored to give a wider range of mechanical properties. One of the most frequently used synthetic polymers is polycaprolactone (PCL), which has suitable mechanical and biodegradable properties for the development of functional hybrid scaffolds [6] . Some polymers such as poly(lactic acid) (PLA), polyhydroxyalkanoate (PHA), polyvinylidene fluoride (PVDF) have a specific piezoelectric property. These materials especially attract attention due to their piezoelectricity, which is inherent in different living tissues of the human body, including bone [7] .
The first reference to the piezoelectric properties of the bone was reported in 1954 [8] . Later, the piezoelectric properties of bone had attracted interest due to the bone regeneration process [9] . It was discovered that the mechanical stress in bone produces electrical signals, and these signals represent the stimulus that promotes bone growth and remodelling according to Wolff's law [10] .
After the discovery of piezoelectricity in poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in 1986, this polymer was highlighted among all piezoelectric polymers, because it had the most similar piezoelectric coefficient to those of the natural bone [11] . These properties, combined with its biocompatibility and biodegradation, inspired scientists to attempt to use this polymer as a bone substitute with the capability to mimic the piezoelectricity of natural bone.
The applications of PHBV scaffolds could be extended considerably if bone growth and healing are stimulated. It is well known that synthetic hydroxyapatite (HA) is similar to the mineral component of natural bone and possesses osteoconductivity to promote osteogenesis (bone growth). Recently, the HA nanoparticles were widely used to impart useful properties to polymer scaffolds. It was reported that biodegradable hybrid scaffolds containing HA particles possessed osteoconductive properties [12] . Furthermore, silicon-containing hydroxyapatite (SiHA) especially, is known to markedly enhance in vitro cell proliferation, adhesion [13] and bone tissue growth in vivo [14] . However, to the best of our knowledge, there are no papers devoted to studying piezoelectric scaffolds with SiHA additives and revealing the effect of SiHA nanoparticles on cell adhesion and differentiation. Based on piezoelectric polymers and the bioactive characteristics of synthetic SiHA nanoparticles, we decided to combine the advantages of these materials in a single hybrid scaffold. 
Materials and Methods
Materials
Polymers of polycaprolactone (PCL, M n = 80,000 g·mol -1 ) and poly(3-hydroxybutyrate-co-3- 
Scaffold fabrication
In this study, micro-fibres were prepared via a conventional electrospinning setup developed at National Research Tomsk Polytechnic University, Russia. The objective of the study was to prepare and investigate pure PCL, PHBV polymer scaffolds, and composite scaffolds of PHBV and SiHA nanoparticles. For this, PCL and PHBV polymers were dissolved at a concentration of 9 % and 23 % (w/v), respectively. For the fabrication of composite PHBV-SiHA scaffolds,
PHBV solution was mixed with 10 wt. % of SiHA nanoparticles. All the samples were continuously stirred at room temperature for 180 min followed by magnetic stirring for 30 min to avoid the formation of agglomerates. Polymer solution was loaded into a 10 mL plastic syringe connected with a blunt stainless steel needle (inner diameter 0.58 mm) with a tip connected to the anode. The needle was kept at a voltage of 7 kV. The polymer solution was extruded at a rate of 2 ml·h -1 for one hour with the help of a syringe pump (AJ-5803, Angel Electronic Equipment
Co., China). The drum collector was mounted at a distance of 5 cm, and the fibres were deposited at a rotation speed of 600 rpm. Once optimal parameters for the preparation of PCL polymer solution were determined, PHBV and PHBV-SiHA fibrous scaffolds were prepared.
Viscosity (μ) measurements used to characterize polymer solutions were performed using a rheometer (MCR301, Anton Paar, Austria) equipped with a concentric cylinder geometry with a diameter of 30 mm, horizontal gap of 1 mm, run with a vertical gap of 1 mm. The shear rate was recorded point by point 20 times.
Scaffold characterization
Scanning electron microscopy (SEM) system with two lasers emitting at 532 nm and 785 nm was employed to collect the spectra. For this study, the 532 nm laser was used, and the spectra were collected in extensive mode ranging from 500 to 3000 cm -1 . In this paper, only the most informative peaks from 525 to 2000 cm -1 are shown.
X-ray diffraction (XRD) with CuK α radiation (λ=0.154 nm) (XRD-7000, Shimadzu, Japan) was used to investigate the crystallographic structure of the scaffolds. XRD patterns were recorded in the 2θ range from 10° to 60° with a scan speed of 2.0°/min, sampling pitch of 0.03°, preset time of 5.0 sec at 30 kV and 30 mA.
The water contact angle was measured to investigate the wetting behaviour of the scaffolds. The analysis was assessed using static contact angle measurements and performed using drop shape analysis (OCA 15 Plus, Data Physics Instruments GmbH, Germany). Ten droplets (2 µL⋅s -1 )
were seeded on the surfaces of three samples of each studied materials with the size of 2 × 5 cm 2 , and the resulting average contact angle was calculated.
Statistical analysis
All results are expressed as a mean ± standard deviation and have been determined using Student's test for the calculations of the statistical significance.
Biological evaluation of the obtained scaffolds 2.5.1. Preparation of hMSC culture
Human mesenchymal stem cells (hMSCs) were derived from the bone marrow of healthy donors who gave their informed consent. Cells were isolated using a direct plating procedure. Briefly, 1 mL of whole bone marrow, heparinized, was re-suspended in alpha-MEM (Lonza, Switzerland); supplemented with 100 IU/ml penicillin, 0.1 mg/ml streptomycin (Biolot, Russia), and 10 % FBS (HyClone, USA) and 2 mM Ultraglutamin I (Lonza, Switzerland). The hMSCs were cultured in DMEM under standard cell culture conditions (i.e., 37° C, 5 %/95 % CO 2 /air, humidified sterile environment) to > 85 % confluency. Subsequently, hMSCs were detached using trypsin (Sigma-Aldrich, UK) and passaged up to the second passage (P2) for culture with scaffolds (PCL, PHBV and PHBV-SiHA).
Evaluation of hMSC morphology and adhesion
hMSC morphology and adhesion on the surface of the samples was evaluated at 24 h of incubation. To evaluate cell morphology, hMSCs were seeded at 1. The relative cell number of adherent hMSCs after 24 h of incubation was measured by a calcein AM assay. The multifunctional reader CLARIOstar ® (BMG LABTECH, Germany) was used to analyse the fluorescent intensity. The relative cell numbers were calculated through interpolation via a standard curve.
Cell viability analysis and cell growth on scaffolds
The viability of hMSCs on scaffolds at 1 day of culturing was determined using a cell detachment protocol, described in [16] . The culture medium was removed with a micropipette.
Then, scaffolds were placed in new wells and were washed with PBS. After that, 1 mL of trypsin was added. After incubation, 2.5 mL of fresh medium were added and the cell suspension was collected and centrifuged at 1500 rpm for 5 min. Finally, cells from the pellet were counted using a Gorjaev's count chamber and an inverted optical microscope. Trypan blue solution was used to assess cell viability. This test measured the number of viable cells, based on the concept that viable cells have an intact membrane and trypan blue cannot be incorporated. Dead cells have an altered membrane and take up the dye.
Mesh scaffolds (1 × 1 cm 2 ) were transferred into non-adherent 24-well tissue culture plates, onto which hMSCs were slowly inoculated at a density of 1.5 × 10 5 cell per scaffold. Cells were cultured in a growth medium for 3, 7 and 11 days. Cell proliferation was evaluated on day 3, 7
and 11. The cells at each time point were stained by the Calcein AM (Invitrogen). For this reason, 5 µL of assay reagent was added to each well containing 1 mL of media, and cells on scaffolds were incubated for 30 min at standard culture conditions. Then, confocal microscopy was used to observe the live cells on the scaffolds.
In vitro osteogenic differentiation and mineralization analysis
Induction of differentiation towards the osteogenic lineage was performed using our previously reported protocol [17] . Briefly, each scaffold with cells was treated with an osteogenic medium consisting of DMEM supplemented with 0.1 μM dexamethasone (Sigma-Aldrich, UK), 10 mM β-glycerol phosphate (Sigma-Aldrich, UK) and 0.2 mM ascorbic acid (Sigma-Aldrich, UK). The medium was changed twice weekly. On day 7 of induction, scaffolds with cells were assayed for mineralization by calcein or alizarin red [18] . For calcein staining, the scaffolds were treated with culture medium containing 5 μg/ml calcein overnight at 5 % CO 2 /95 % air, 37 C, washed 2 times with PBS, and examined using confocal microscopy. The quantification of calcium deposits on scaffolds was performed by measuring the fluorescence intensity using multifunctional reader CLARIOstar (485 nm excitation, 530 nm emission). Then, the amount of calcium deposits on scaffolds was calculated through interpolation via a standard curve.
Results and discussion
Scaffolds morphology
Randomly oriented fibrous scaffolds with interconnected porous structure were obtained using a conventional electrospinning process. The scaffolds' morphology and the results of structural evolution such as fibre diameter and the distance between nearby fibres are shown in Fig. 1. A smooth, uniform, bead-free fibre surface is observed for PCL and PHBV polymer scaffolds. The fibre diameter histograms revealed that the majority of fibres in the case of PCL and PHBV scaffolds had a diameter of 4.05 ±1.15 µm and 7.17±1.26 µm, respectively. In the case of PHBVSiHA scaffolds, the average fibre diameter was 4.11±2.89 µm. It is important to note that the agglomerates of SiHA nanoparticles were also observed on the fibres' surface with the size in the range from 800 nm to 12 µm. As the distance between nearby fibres for all the samples was measured, it was found that the average distance between separate fibres for the PCL scaffolds was 11.74±7.82 µm. For the PHBV and PHBV-SiHA scaffolds, an average distance between nearby fibres was 23.12±15.74 µm and 24.75±18.31 µm, respectively, which resulted in increased porosity.
In Fig. 1 (bottom) , SEM images of PHBV-SiHA scaffold revealed that the SiHA nanoparticles concentrated within the fibre, and the average size of the agglomerates was 0.23±0.06 nm.
However, the particle agglomerates were also observed on the fibre surface and between nearby fibres. It is likely that they agglomerated while the polymer solution moved towards the spinneret. The content of SiHA nanoparticles within PHBV polymer scaffolds affected the fibre morphology and size distribution. Additionally, SiHA is a non-conductive material, thus it may decrease the charge of the polymer, resulting in a lower stretch of the jet, thereby leading to a decrease of the stretching force at the same voltage and an increase of the fibre diameter.
Moreover, fibre formation during the electrospinning process is based on the viscoelastic solution stretching. The viscosity of polymer solution has a direct effect on the fibre size and could be the reason for the differences between the diameter of PCL (μ=1.74) and PHBV (μ=2.36) fibres obtained at the same process parameters [19] . The obtained results confirmed the advantages of the electrospinning process in the fabrication of highly porous structures designed for the substitution of bone defects. Incorporation of SiHA nanoparticles into the polymer scaffolds structure, on the one hand, allows to form non-uniform fibres in diameter, which may provide a larger surface area to volume ratio and potentially could positively affect the transport of nutrients into the scaffold and cell viability (cellular diameter 5-20 µm) [20] .
FTIR, Raman and XRD characterization
All the spectra of the scaffolds presented in the study were analysed and compared with the spectra obtained for pure SiHA powder (Fig. 2 top left) . The FTIR spectra showed several (δC-H stretching), 1304-1281 cm -1 (wC-H stretching), 1107-1033 cm -1 (skeletal stretching) and 956-866 cm -1 (vC-COO stretching) are shown ( Fig. 2 top right) . For the PHBV scaffold, the major bands were observed at 839 cm -1 (vC-COO stretching), 1364 cm -1 (δCH 3 stretching), 1451 cm -1 (δCH 2 stretching), 1727 (vC=O stretching). The presence of typical Raman intensities for SiHA powder in PHBV at 962 cm -1 (v 1 P-O symmetric stretching) and 1048 cm -1 (v 3 P-O asymmetric stretching) was detected.
The XRD data of fibrous scaffolds are presented in Fig. 2 (bottom left) . The major peaks specific for PCL are observed at 2θ = 21.3, 21.9, 23.7 corresponding to the (110), (111) and (200) planes [23] . XRD pattern of PHBV-SiHA electrospun scaffolds shows characteristic peaks of PHBV at 2θ of 13.6°, 17.1°, 20.3, 21.7, 25.7° and 27.3, which were assigned to the (020), (110), (021), (101), (121) and (040) crystallographic planes of the orthorhombic unit cell, respectively [24] . Additionally, for the same sample, the most prominent peaks corresponding to
SiHA were observed at 28.9° (210), 31.8° (211) 32.9° (300) and 35.5° (301) [25] . However, the peaks typical for SiHA between 10° and 28° overlapped with the diffraction peaks of PHBV.
Moreover, the peaks of SiHA in PHBV-SiHA composite scaffold became slightly broader and less intensive compared with those for pure SiHA nanoparticles, implying a low number of detected nanoparticles, low crystallinity and smaller crystallite size.
Wettability
The water contact angle measurements were performed to provide understanding on the influence of SiHA nanoparticles on the polymer scaffolds' chemistry and wettability. The water contact angles are shown in Fig. 2 . It was expected that due to hydrophilic nature of SiHA nanoparticles used to prepare hybrid scaffolds, the contact angle will be lower for PHBV-SiHA scaffold compared with PHBV. However, due to wettability results obtained in this study, we assume that such parameters as scaffolds porosity and fibers roughness can cause the most pronounced influence on scaffolds wettability. It is reported that the surface roughness increases with fiber diameter increase and additional content of inorganic inclusions such as HA [46] . It can be clearly seen in Fig. 1 (bottom) that the presence of SiHA nanoparticles and their agglomerates in polymer scaffolds results in changes of the fibers surface roughness and their diameter [47, 48] . Since SiHA is hydrophilic and its content does not exceed 10 wt. %, there is an insignificant change of the contact angle for the scaffolds compositions investigated in this paper.
hMSC adhesion, viability and cell growth on scaffolds
Cell adhesion, viability and proliferation are important aspects in estimation of scaffolds application in tissue regeneration. For a tissue engineering scaffold, surface properties and structure are major factors in regulating cell behaviour and growth [26] . In the current study, we analysed how the structure and surface properties of the scaffolds affected hMSC adhesion, viability, growth and shape. First, the effect of SiHA on hMSC adhesion was investigated. PCL was also analysed as a scaffold with well-known physicochemical properties [27] . As shown in Fig. 3A (left) , the relative cell adhesion for PCL and PHBV was almost the same while the relative cell adhesion on the surface of PHBV-SiHA was 1.45 ± 0.3 times greater than that of the PHBV scaffold, indicating the effect of the SiHA nanoparticles. It has been shown that cell adhesion depends on a variety of characteristics of the underlying materials, such as surface profile (roughness, pore size) and wettability, that shift the absorbance of the external cellular matrix (ECM) components and proteins, originating from the serum components of the cultural medium as well as produced by hMSCs. It was shown in previous research that cell adhesion, proliferation and detachment strength are very sensitive to surface roughness [28] . The incorporation of SiHA nanoparticles allows increasing the surface area and enriching the surface with Ca, Si and P, resulting in enhanced adhesion of hMSCs. According to the wettability, it is well-known that poly-3-hydroxybutyric acids and their copolymers are quite hydrophobic polyesters ( Fig. 2 bottom right) [29] . The introduction of SiHA nanoparticles containing nonpolar chemical groups may also play important role in the improved biocompatibility of PHBV for increased cell adhesion of hMSCs on the surface of scaffold.
The important mechanism that can explain the distinct adherence of the hMSCs to various materials is the difference in the amount and types of ECM proteins that are absorbed on the surface of the material. It was shown in previous research that ECM protein absorbance was higher in the nanophase (with grain sizes less than 100 nm) alumina, titania, and hydroxyapatite (HA) and have contributed to the enhanced cell adhesion. This enhanced cell adhesion depends on the surface topography (specifically on grain and pore size) of nanophase ceramics [30] . The mechanism of cell adhesion on poly(lactic-co-glycolic acid) (PLGA) and PCL scaffolds has been compared. The obtained results revealed that hMSCs adhered on PLGA primarily via collagen type I, while vitronectin mediates their attachment to PCL, which also influenced the adherence, morphology and osteogenic differentiation potential of the cells due to various integrin signalling [31] .
The viability of hMSCs on three types of scaffolds was investigated after 24 h of incubation. The survival rates of the cells for all three scaffolds after 24 h of incubation were above 82 % (Fig.   3A right) . Among these scaffolds, PHBV-SiHA revealed the largest viability of hMSCs (> 95 %), indicating that the most cells were alive. This is a very important criterion for cell growth.
These results are in a good agreement with the previous observation of cell adhesion. The initial cell adhesion after 24 h has impact on cell proliferation due to integrin-mediated signalling. In contrast, the loss of cell adhesion leads to cell apoptosis, preventing cell growth [32] . The
presented above results clearly demonstrate that the investigated scaffolds are biocompatible and induce cell growth.
To verify that our tested scaffolds, especially PHBV and PHBV-SiHA, were viable substrates for cell growth, hMSCs were cultured on the surface of the scaffolds over 11 days. We stained the cells with calcein AM and imaged them by confocal laser scanning microscopy (CLSM). CLSM images showed that on the first day, the cells were sparsely distributed on the surfaces of the scaffolds. Long-term cell culture with hMSCs showed that the cells proliferate well on the scaffolds and form a confluent cell layer after 11 days (Fig. 3B ). In addition, hMSCs stained by calcein AM adhered on scaffolds at higher magnification can be observed in Supporting Information (Fig. S1 ).
hMSC attachments and morphological changes of hMSCs in response to scaffolds (PCL, PHBV and PHBV-SiHA)
Apart from cell adhesion, cell viability and growth, the regulation of cell morphology, including geometric characteristics of cells, is very important aspect, which should be considered. Indeed, for tissue engineering scaffold, surface properties and structure are major factors in regulating cell behaviour and morphology [33] . Therefore, we then examined the influence of structure and Cell culture experiments were performed in static conditions, therefore, the effect of piezoelectric nature of the prepared hybrid compounds was difficult to derive and the most pronounced effect on different cell behavior observed in the paper was connected with the addition of SiHA nanoparticles, which resulted in both surface chemistry and topography change of the polymer fibers.
In vitro osteogenic differentiation of hMSCs and deposition of minerals
The potential to differentiate to the variety of connective tissue cell types, such as osteoblasts, adipocytes and chondrocytes, can be considered as one of the main functional characteristic of hMSCs, which has to be assessed upon cell treatment [36] . Osteoblasts produce bone matrix proteins and they also catalyse the mineralization of bone matrix into bone [37] . For tissueengineering scaffolds used in bone regeneration, the mineralization ability is key factor, which should be considered. Therefore, we examined the calcium mineralization of hMSCs on scaffolds after 7 days of culture in osteogenic medium. For osteogenic differentiation, we seeded the scaffolds at densities of 0.3 × 10 6 cells per sample and assessed the deposition of the bone mineral (calcium phosphate) by staining the samples with calcein ( Fig. 5 ) and alizarin red (Supporting Information, Fig. S4 ). CLSM images showed a green colour in the images, which indicates the presence of the complex formed by calcium ions and the calcein. As it can be clearly seen that positively stained calcein-calcium complexes were accumulated within the cavity (area between separate fibres in scaffolds) of PHBV-SiHA and PHBV after induction of osteogenic medium for 7 days. In contrast, a small number of calcium deposits was displayed in case of PCL. As it was shown previously in [38] calcein labelling of calcium deposits can be used to quantitatively assess the mineral contents in vitro. The calcium phosphate densities on all of the PHBV and PHBV-SiHA surfaces were significantly increased compared with PCL surface (Fig. 5) , which is the evidence of the possible influence of PHBV piezoelectric nature. The piezoelectric scaffolds have exhibited more favourable cellular attachment and proliferation compared with non-piezoelectric, even in the absence of deformation [7] . It is clearly seen from while PCL was only slightly stained (Fig. S3) . These findings clearly demonstrate that PHBVSiHA scaffolds possessed the greatest potential to enhance osteogenic maturation and PHBVSiHA was good for trapping the minerals. In addition, more images demonstrating the scaffold mineralization during osteogenic differentiation can be found in Supporting Information (Fig.   S4 ). We suppose that the cell substrate adherence and induction of spread morphology may promote the osteogenic lineage commitment and we observed enhanced biomineralization in the case of PHBV-SiHA scaffold.
It is known that the surrounding cellular microenvironment may have a direct or indirect effect on hMSCs behaviour, including adhesion and differentiation processes [39, 40] . Despite the osteogenic activity of SiHA nanoparticles, where calcium favoured enhanced proliferation and morphological changes in hMSCs with the upregulated expression level of osteogenic genes [41, 42] , there are several parameters, such as surface roughness and piezoelectric nature of the material, which may play a crucial role in cell behaviour. It is reported that surface roughness can stimulate hMSCs to induce osteogenic differentiation in vitro and produce bone mineral [43] [44] [45] .
Although many details of the hMSC differentiation processes are still unknown, it was shown that the addition of SiHA nanoparticles in the fibre structure of piezoelectric PHBV scaffolds stimulates the attachment and spreading of the hMSCs and significantly increases the differentiation ability of MSCs, which significantly affected the 3D scaffolds' mineralization capability.
Conclusion
This cell attachment and differentiation study revealed that hybrid piezoelectric PHBV scaffolds with the addition of SiHA nanoparticles significantly promoted the adhesion of hMSCs compared with pure piezoelectric PHBV and non-piezoelectric PCL. Calcium assays showed that hMSCs differentiated into osteoblasts; moreover, significantly improved mineralization was observed in the case of hybrid PHBV-SiHA scaffolds. Though the underlying mechanisms responsible for the improved hMSCs adhesion and differentiation require additional investigation, the results obtained in this study allow us to conclude that the hybrid PHBV-SiHA scaffolds reveal superior osteoinductive properties. We suggest that the main reasons for that are connected with the scaffolds' chemistry change due to bioactive Si-HA nanoparticles addition or surface charge change due to inherited PHBV scaffolds piezoelectricity, which require additional investigations. Thus, the results obtained in this study specify the significance of the development of 3D biodegradable PHBV piezoelectric scaffolds with addition of SiHA nanoparticles for bone tissue engineering applications.
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